In order to analyze the function of VPg amplification in aphthoviruses, we have undertaken the first mutational analysis of the repetitive VPg-coding region using an improved foot-and-mouth disease virus (FMDV) cDNA clone from which infective viral RNA was synthesized. A set of VPg mutants was constructed by site-directed mutagenesis which includes different VPg deletion mutations, a VPg insertion mutation, and amino acid residue replacement mutations that interfere with binding of the VPg protein to the viral RNA and with its proteolytic processing. Our results revealed that an amazing flexibility in the number of VPgs is tolerated in FMDV. Optimal viability is given when three VPgs are encoded. Deletion as well as insertion of one VPg gene still resulted in infective particle production. Infective particle formation was observed as long as one VPg remained intact. No obvious differences in the individual VPg molecules with regard to their promoting viral RNA synthesis were observed, indicating that all three VPgs can act equally in FMDV replication. Mutant polyprotein processing was comparable to that of the wild-type virus. However, VPg mutants showed reduced viral RNA synthesis levels after infection. The levels of viral RNA synthesis and infective particle formation were found to correlate with the number of functional VPgs left in the mutant virus. These findings suggest a direct VPg gene dosage effect on viral RNA synthesis, with a secondary effect on infective particle formation.
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The foot-and-mouth disease virus (FMDV) genome is a messenger-sense, single-stranded RNA genome approximately 8,500 nucleotides in length with characteristics shared by other members of the picornavirus family. The 5' end of picomavirus genomic RNA is covalently linked to a small (2.4-kDa) virusencoded protein termed VPg (viral genome-linked protein) (reviewed in reference 48; also see reference 36) or polypeptide 3B (35) . The VPg gene is located in the P3 region of the viral genome, where it is flanked by the genes for polypeptide 3A, a protein proposed to be the membrane anchor of the picornavirus replication complex (40, 44) , and the viral proteinase 3C"°'. Other viral proteins associated with the membrane-bound picornavirus replication complex were identified as polypeptide 2C, which is involved in guanidine resistance (30, 39) , and the viral RNA polymerase 3DMr.
Since VPg was found to be linked to all newly synthesized viral RNAs, it has been proposed that VPg, a VPg-precursor protein (3AB), or an uridylylated form of VPg acts as a primer to initiate picornavirus RNA synthesis (5, 9, 25, 42, 46, 47) . Although poliovirus replication has been extensively investigated (for reviews, see references 11, 24, 29, 31, 34 , and 49 and references cited therein), this process remains poorly understood.
In the past, two different models have been proposed to explain the mechanisms involved in picomavirus RNA replication and the linkage of VPg to viral RNA. In one model, VPg is proposed to act as a primer for plus-and minus-strand RNA synthesis. This model is supported by the fact that, for instance, VPg can be elongated into VPg-pUpU (44) . The other model proposes VPg-independent, self-priming minusstrand RNA synthesis after the addition of several U residues to the poly(A) tail of the viral RNA by terminal uridylyl transferase. This model is supported by, for instance, the isolation of viral RNA twice the length of poliovirion RNA in an in vitro replication system (50) .
New data, obtained by several groups, support a hypothesis that minus-and plus-strand RNA synthesis could take place in two different ways (29) . Reuer et al. (31) showed that mutation of the RNA-linking tyrosine residue, conserved at position 3 of all VPgs, completely abolished viral RNA synthesis. This supports a model of VPg-primed plus-and minus-strand RNA synthesis as originally proposed by Wimmer (47) and his coworkers (27) .
On the other hand, self-catalyzed linkage of VPg to minusstrand poliovirus RNA in the absence of any additional factors such as polymerase, host factor, and ribonucleoside triphosphates was found by Tobin et al. (45) and Flanegan et al. (10) . These findings would support a VPg-independent template priming mechanism for minus-strand RNA synthesis (50) . A model for the covalent attachment of VPg by nucleophilic attack involving a specific sequence in the 3' terminal region of the viral genome is proposed by these investigators (10, 45) .
Finally, Andino et al. (2) verified a computer-predicted cloverleaf structure at the 5' end of poliovirus RNA that forms a functional ribonucleoprotein complex which consists of a cellular protein, viral proteinase 3CPro, and the viral polymerase 3DPI'. Mutations altering the cloverleaf structure in the positive strand but not in the negative strand were lethal to the virus. Giachetti and Semler (15) characterized a poliovirus mutant defective in both in vitro uridylylation of VPg and in vivo synthesis of plus-strand viral RNAs, while minus-strand RNA synthesis was not affected. These observations also strongly support two fundamentally different ways to initiate picornavirus positive-and negative-strand RNA synthesis.
In addition to its role in genome replication, VPg is proposed to be involved in encapsidation of viral RNA (27, 28) because exclusively RNA-carrying, covalently linked VPg was found in virions, although the same RNA without covalently linked VPg is a major species in the infected cell (28) .
Reuer et al. (32) and Kuhn et al. (23) reported considerable flexibility in several positions of the amino acid sequence of VPg. As long as tyrosine 3 was left intact, viral RNA synthesis occurred and VPg was linked to the viral RNA (10, 32), although no viable virus could be observed. This finding strongly suggests an additional VPg-dependent step in poliovirus replication following RNA synthesis.
The role of VPg in FMDV seems to be more complex than its role in the other picornaviruses. Sequence analysis of the FMDV genome revealed three VPg genes arranged in tandem and designated VPgl, VPg2, and VPg3 (12) , an astonishing redundancy considering the small genome size. All other picornavirus groups have only one VPg-coding region. The three VPg genes are related but distinctly different from one another and were found in an equimolar ratio in virions, suggesting equivalent functions in vivo (21) . Since no specialized function of each individual VPg was found, a selective advantage for a high VPg gene copy number in FMDV was presumed (12) .
To study the dependence of the FMDV replication on the three VPg genes, we constructed a set of VPg mutants consisting of VPg deletion mutants, a VPg insertion mutant, and different amino acid residue replacement mutants. The viability of the mutant constructs was investigated by transfecting BHK G21 cells and IBRS2 cells. Mutants were further characterized by (i) determining the virus titers of the individual mutants, (ii) detecting viral polyprotein processing in vitro and in vivo by using specific antisera directed against P3 polypeptides, and (iii) by measuring viral RNA synthesis levels following infection.
MATERUILS AND METHODS
Infectious recombinant FMDV full-length cDNA clone. VPg mutations were introduced into the FMDV genome by using a new infectious cDNA clone, pSP65FMDVpolyC, a derivative of our first full-length cDNA plasmid, pFMDV-YEPpolyC (51) . Details of the construction and properties of this clone will be described elsewhere (8) . Essentially, in this plasmid the yeast shuttle vector part of pFMDV-YEP-polyC (51) has been replaced by the RNA expression vector pSP65 (26) and the poly(C)-coding sequence was elongated to 39 nucleotides.
Construction of VPg mutants. Nucleotide-specific mutations, for instance, VPg deletions and amino acid residue exchanges, were introduced into the repetitive VPg-coding region by site-directed mutagenesis in combination with polymerase chain reaction (PCR) technology basically as described by Higuchi et al. (19) and in combination with standard PCR protocols (20) . Phenylalanine (F) exchange mutants were introduced by using sets of primers containing the F codon UUU instead of the tyrosine (Y) codon UAC. VPg deletion mutants were constructed by using primer sets that loop out the individual VPg-coding region. Mismatchprimer lengths ranged from 21 to 26 nucleotides, and primers for deletion loop mutagenesis were 30 nucleotides long. Two flanking primers complementary to plus-and minus-strand FMDV cDNA upstream of the XbaI site at position 5418 and downstream of the SacI site at position 5809 (13) To ensure that no reduction in the length of the poly(C) region occurred during amplification of the full-length cDNA clone in Escherichia coli (8) , the size of the poly(C) tract was verified in every mutant cDNA batch used. All molecularcloning techniques were performed by standard methods (37) .
In vitro transcription and translation. In vitro transcription was performed essentially as described previously (26 (32) .
In analogy, FMDV mutants with either one (VPglF, VPg2F, and VPg3F) or two (VPglF/2F, VPg1F/3F, and VPg2F/3F) Y-3-to-F-3 exchanges were constructed, leaving the structure of the viral polyprotein otherwise unaffected (Fig. 1 ).
To our surprise, all VPg mutants except mutant AVPg3 were found to be infectious in BHK and IBRS2 cells. Several mutants showed a strongly reduced viability (Fig. 2) Fig. 4 ) which culminates for all VPg mutants tested at 3 to 3.5 hours postinfection and can also be seen from the individual mutants. After 4 h, processing of the polyprotein of the cDNA-derived wt virus is very similar to processing of the mutants (compare, e.g., the anti-E12 and anti-E20 immunoprecipitation lanes of rFMDV-C39 with the corresponding lanes of the VPg Y-to-F mutants in Fig. 3) .
Virus production correlates with the number of functional VPgs. RNA of fourfold or fivefold passaged viruses. This control was not possible for the double VPg Y-to-F mutants because of their extremely low titers. However, the stability of the mutation in these viruses is demonstrated by the fact that they continued to produce low virus titers and remained defective in forming plaques in semisolid medium, in contrast to the wt viruses and the recombinant rFMDV-C39. The stability of the VPg deletion and insertion mutants is demonstrated by the number of their expressed VPg gene products (Fig. 3) . Detection of VPg polypeptides. To investigate whether altered P3 polyprotein processing in the VPg mutants was the reason for their reduced viability, we analyzed the proteolytic cleavage products in vitro and in vivo using specific antisera directed against several P3-derived polypeptides.
Direct labeling and detection of VPg polypeptides are extremely difficult because of their small size, the lack of sulfur-containing amino acids, their basic hydrophilic character that results in their leaking from polyacrylamide gels during fluorography or fixation (5) , and the rapid degradation of free VPg polypeptides in the infected cell (1, 6, 38) . Therefore, we used an indirect method to study the proteolytic processing of the FMDV VPg precursor proteins by analyzing VPg fusions with the labeled neighboring polypeptide 3A. VPg is relatively stably linked to this membraneanchoring protein (40) , forming precursor polypeptides 3AB1, 3AB12, and 3AB123. Detection of these 3AB precursor proteins is much easier because of their methionine content and molecular masses, which range from 17 to 25 kDa.
Specific detection and assignment of these precursor products were possible because of the availability of two different antisera that, under the conditions used, strictly differentiate between polypeptide 3A (anti-E12) and polypeptide 3B (antiEVPg) (41), allowing unequivocal detection of 3A-and 3B-specific bands on polyacrylamide gels. A third antiserum, specific for viral proteinase 3CPIr (anti-E20), which is responsible for processing of the whole P3 precursor polyprotein, was also used to investigate the correct processing of this polypeptide.
Polyprotein processing was studied by performing in vitro and in vivo protein synthesis over a course of time followed by immunoprecipitating the resulting processed products (Fig. 3) . Analysis of cytoplasmic extracts of infected cells (Fig. 3, Cyto) in the control lanes shows that all mutants perform a host cell translation shutoff, since labeled host cell proteins were only weakly detectable.
In general, analysis of all immunoprecipitations of VPg polypeptides, synthesized either in vitro or in vivo, revealed a double-band pattern for all three VPgs (Fig. 3, products  3AB1 , 3AB12, and 3AB123), whereas P3A did not give rise to this pattern. Since all of our Y-to-F amino acid exchange mutants also show a double-band formation for all three VPgs (Fig. 3, VPg1F , VPg2F, VPg3F, VPglF/2F, VPglF/3F, and VPg2F/3F), uridylylation of VPgs, as proposed formerly by Strebel et al. (41), cannot be the reason for this band duplication. In addition, we observed a successive appearance of the VPg precursor double bands in our kinetic experiments. Since VPg precursor bands with reduced levels of mobility appeared during infection earlier than their corresponding faster-migrating bands (Fig. 3 , rFMDV-C39 in vitro and in vivo and +VPgl+ in vivo), secondary processing of a part of the VPg polypeptide seems to be the reason for this phenomenon. Experiments are in progress to further investigate the molecular basis of this observation.
Reduced viability of the VPg mutants is not due to altered viral polyprotein processing. Immunoprecipitations using antisera specific for proteins of the P3 region allowed detection of mature polypeptides 3A and 3CPro and of their corresponding precursor polyproteins 3AB1, 3AB12, 3AB123, 3ABC, 3CD, and P3, as exemplified for wt virus (O1Kauf,euren) and recombinant wt virus (rFMDV-C39) in Fig. 3 [01K (wt), rFMDV-C39] . In general, all VPg precursor polypeptides showed levels of mobility in polyacrylamide gels that are considerably lower than expected from their calculated molecular masses (Fig. 3) . Retarded migration of the VPgs of FMDV was already reported by Strebel et al. (41) and Sangar et al. (38) . This was also observed for poliovirus VPg (5, 43) and was attributed to the amino acid residue composition of this polypeptide.
Identical protein-processing patterns were always observed both in vitro and in vivo with wt virus (OlKaufbeuren), recombinant FMDV full-length cDNA clone-derived wt virus (rFMDV-C39), and VPg mutant viruses (Fig. 3, in vitro  and in vivo) . 3B precursor proteins were not processed completely in vitro, resulting in VPg precursor bands even after an incubation time of 12 h (not shown). In comparison, viral P3 polyprotein processing in vivo was already complete 6 h postinfection (Fig. 3, rFMDV-C39 , AVPgl, and VPglF in vivo).
Protein-processing patterns of all Y-to-F amino acid exchange mutant viruses were indistinguishable from the processing pattern obtained with wt virus, both in vitro and in vivo (Fig. 3, VPg1F , VPg2F, VPg3F, VPglF/2F, VPg1F/3F, and VPg2F/3F).
Analysis of the VPg precursor proteins of mutant +VPgl+ revealed processing of P3 to be very similar to that observed for the wt virus, except for a fourth VPg precursor double band, corresponding to 3AB1234, which is clearly detectable in the immunoprecipitation reactions (Fig. 3 , +VPgl+ in vitro and in vivo). This result clearly demonstrates (i) that the additional VPgl-coding region is stably integrated into the genome of this mutant, (ii) that the polyprotein of this mutant is correctly processed, and (iii) that it does not interfere with infective particle formation.
The processing pattern of VPg precursor proteins from the AVPgl mutant was also found to be comparable to that for wt virus, except that a 33-kDa double band, corresponding to the 3AB123 precursor protein, did not appear in the immunoprecipitates as expected (Fig. 3 , AVPgl in vitro and in vivo). The weaker appearance of the 3AB2 bands (in comparison to the 3A and 3AB23 bands in the same lane) indicates a reduced cleavage between the two remaining VPgs in this mutant, possibly due to a slightly misfolded P3 precursor protein in this mutant.
The AVPg2 mutant showed strongly reduced levels of infectivity. Although cytopathic effects occurred at the same time as with wt virus (about 4 h postinfection), complete lysis of BHK cell monolayers was never observed. As shown in Table 1 , infective virus particle production of this mutant is dramatically reduced. As a consequence of the reduced viability of this mutant, we were unable to produce enough virus particles to perform in vivo experiments.
Proteolytic processing patterns of the AVPg2 precursor polypeptides in vitro (Fig. 3, AVPg2 in vitro) showed correct processing of the 3A, 3AB13, and 3CPFO species but only very weak 3AB1 corresponding bands, indicating a strongly reduced ability of this mutant to generate fully processed, single-VPg polypeptides. The fusion of VPgl to the VPg3-coding region, therefore, seems to result in an unfavorable protease 3CPrO cleavage site in this mutant, which is most likely the reason for the observed reduced viability of the AVVPg2 mutant virus.
In contrast to all other VPg mutants described here, the AVPg3 mutant showed changed, incomplete processing of the P3 precursor protein, a defect that is most probably responsible for its complete loss of infectivity. Experiments are in progress to further characterize the molecular basis of this observation, and results will be presented elsewhere.
The level of viral RNA synthesis correlates with the number of functional VPg molecules. Since all VPg mutants described here, especially the VPg Y-to-F amino acid residue exchange T0'3h13h 3h2 3h11i2W>3h13h 3h 3h120Y3h13h 3h 3b11211 3h13h 3h 3h11|203h13h 3h 3h11|20 3h13h 3h 3hIM
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.Ar*Xl4t'-3 +'' L L [3H]uridine beyond that time. In our experiments, a background incorporation of [3H]uridine into cellular RNA, resulting in an additional increase in [3H]uridine incorporation between 4 and 4.5 h postinfection (Fig. 4) , was observed in all labeling reactions. This was probably due to an incomplete infection of the labeled cells at the low multiplicity of infection (2 PFU per cell) used in our RNA synthesis assay.
As observed for the virus titers ( Fig. 2 
DISCUSSION
We have undertaken a mutational analysis of the repetitive VPg-coding region of FMDV to investigate the function of the threefold amplification of that gene, a characteristic that distinguishes aphthoviruses from all other picornavirus genera. Starting from cloned FMDV cDNA from which synthetic, infectious viral RNA could be synthesized, we constructed a whole set of VPg mutants (Fig. 1) (27) for poliovirus.
The simultaneous appearance of all 3A-VPg intermediates, which is also the case for the VPg Y-to-F mutants (Fig.  3) , contradicts to a model of successive degradation from 3AB123 to 3A during RNA replication, generated either by the linkage of the terminal VPg to the newly synthesized RNA or by the elongation of the terminal VPg into viral RNA, followed by proteolytic cleavage from the precursor. Rather, proteolytic cleavage between individual VPgs seems to occur at random, and each of the three VPgs serves these functions equally and at the same time.
Our analysis of VPg mutants implies that cleaved, individual VPg polypeptides are necessary for FMDV viability. Two VPg molecules covalently linked to each other do not seem to function like single VPg molecules, as judged by the AVPg2 mutant, which is nearly defective in producing individual, free VPgs and therefore shows highly reduced levels of viability.
All data described in this report indicate that aphthovirus VPgs exert a direct gene dosage effect at the viral RNA synthesis level, with an optimum of three VPg molecules. However, explaining how triplet VPg amplification optimizes conditions for virus growth remains difficult. Major viral RNA synthesis was found to occur at 2 to 3 h postinfection in FMDV-infected BHK cells (Fig. 4) (4) . At this time, the first VPg precursor products could be immunoprecipitated from the infected cells (Fig. 3) . Also at this time, Brown et al. (4) observed a marked increase in newly synthesized FMDV particles in the infected cells. Degradation of the VPg precursors into completely processed, individual VPg molecules occurs only later in the infection cycle, namely, at 3 to 6 h postinfection (Fig. 3, in vivo) . Thus, only very low amounts of free VPg molecules seem to be necessary for viral particle formation, an observation also described for poliovirus (40) . Most of the VPg molecules are not used in virus particle formation and are rapidly degraded in the infected cell (1, 6, 38, 45) . Tobin et al. (45) could show that the linkage of VPg to poliovirus RNA was highly influenced by the VPg concentration in vitro. The optimal concentration was approximately 50 ,uM. In FMDV, the threefold gene amplification serves most likely as a means of reaching a high VPg concentration, which may be either due to less efficient linking of VPg to the viral RNA or, more probably, due to the need for very effective RNA synthesis as a presupposition for the extremely short life cycle, only 2 to 3 h, of this virus group.
